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ABSTRACT 


A combined experimental -analytical investigation to 
characterize the cyclic failure mechanism of — a simple 
composite- to- composite bonded joint ' was conducted. The 
cracked lap shear (CLS) specimens of graphite/ ej-^xy adherend 
bonded with ECr3445 adhesive were tested under combined mode I 
and II loading. In all specimens tested, fatigue failure 
occured in the form of. cyclic debonding. The cyclic debond 
growth rates were measured. The finite element analysis was 
employed to compute the mode I, mode II, and total strain 
energy release rates (i.e. G^, G^j, anc * ^ wide range of 
mixed-mode loading, i.e. ranging from 0.03 to 0*38,. was 
obtained. The total strain energy release rate, G^, appeared 
to be the driving parameter for cyclic debonding in the tested 
composite bonded System. 
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I . INTRODUCTION 


The word "Composite" in the expression composite 
material signifies that two or more constituents are combined- 
on a macroscopic scale to form a new and useful material. 
Composite materials have a long history of usage ...Currently, 
many, aerospace and other industries are developing products 
made with fiber reinforced composite materials. These 
materials offer excellent strength- to-weight and stiffness- 
to-weight ratios . 

The efficient utilization of reinforced composite 
materials requires development of better methods of joining 
structural components than used in metallic structures. 
Because composites are severely weakened by mechanieal 
fastener holes, adhesive bonding is a desirable alternative 
to mechanical fastening. Adhesive bonding offers several 
advantages: lower structural weight; less expensive- 
fabrication techniques ; and no strength degradation of basic 
laminate due to fastener holes. 

Design methods for adhesively bonded Composites require 
criteria to prediet both strength and durability. Although, a 
great deal of analytical and experimental works have been 
reported on the static strength of bonded composites (e.g. see 
Ref. 1,2), very little information is available on their 
fatigue behavior. Several possible fatigue failure modes 
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exist for bonded composites: cyclic debonding (i.e. 

progressiva separation of the adhesive bond under cyclic 
load), cyclic delamination (i.e. interlaminar damage), 
adherend fatigue, or a combination of these. Therefore, the 
reliahle. life predictions of composite bonded joints under 
fatigue loading require the complete understanding of the 
mechanics associated with each failure mode. This study will, 
however, focus only on one of these failure modes, i.e. the 

mechanics. of eyclic debonding. 

Many of the results obtained in cyclic debonding studies 
of composite- to-metal joints^ and metal- to-metal 
joints^* 5 ^ may be applicable to the study of composite- to- 
composite joints. Previous researchers^ 3-5 ^ have shown that 
the strain energy release rate defined from fracture 
mechanics principles ean be used to correlate the cyclie 
debonding rate. This is similar to the approach in metals 
where fatigue crack propagation rate is correlated with the 
strain energy release rate* Cyclic debonding of adhesively 
bonded composite joints was investigated with the cracked lap 
shear (CLS) Specimen by Mall et al.^ Two different 
geometries of CLS specimen we r e tested under cyclic loading 
with stress ratio of 0.1. Data from these two specimens were 
used to determine the fracture mode dependence of cyclic 
debending. The eyclic debond growth rate correlated better 
With the total strain energy release rate, <2 T , than it did 
With either o x or G IX independently. 
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The previous study by Mall et al.^^ was, later on, 

extended to investigate cyclic debonding under opening mode 

load with double cantilever beam (DCB) specimen. The 

relations G 1 versus da/dN from the DCB specimens and versus 

da/dN from the CLS specimens agreed with each other, where Gj. 

is total (and also opening mode l) strain energy release rate 

for DCB speeimens, and G^is total strain energy release rate 

for CLS specimen. The relation Gj. versus da/dN from the CLS 

specimen under mixed-mode loading did not, however, agree 

with the relation G, versus da/dN from the DCB specimen under 

1 (7) 

the opening mode I loading. The results of- this study , 

thus, suggested that the cyclic debond failure in the 

adhesively bonded composite joints is governed by total 

strain energy release rate. 

Since the previous study (6) used two geometries of CLS 
specimen which provided a rather narrow range of mixed-mode 
loading (i.e. GJG^ ranged from 0.25 to 0.33), further study 
was considered appropriate to investigate the. cyclic 
debonding for wide range of mixed-mode loading. For this 
purpose, two new geometries o£_Cracked lap shear specimen were 
tested. Which provided Gj/Gjj ranging from 0.03 to 0.38. In 
addition, the effect of stress ratio on cyclic debonding were 
undertaken in this study. The details and results of these 
investigation are presented in the successive chapters. 
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II . LITERATURE REVIEW 


Adhesive joints usually fail by the initiation and 
propagation of flaws and , since the basic prineiple of 
fracture mechanics theories is that the strength of materials 
is governed by the presence of flaws, the application of such 
theories to adhesive joint failure has received considerable 
attention.' ' Great deal of work on- the static strength, of 
bonded joints based on fracture mechanics principle has been 
reported (e.g. see References 1,2), however, very little 
information is available on their durability and fatigue 
behavior. 

The first study in the fatigue behavior of composite- to- 
metal joints was reported in 1976 by Roderick et al.^ They 
used fracture mechanics concept of strain energy release rate 
to model the eyclic failure of bonded joints. For this 
purpose, two types of specimens made of graphite/epoxy bonded 
to aluminum and S-glass/epoxy bonded to aluminum were tested 
under constant- amplitude cyclie loading. Both room 
temperature and elevated temperatxire curing adhesives were 
used. They showed that the debonding rates Were influenced by 
both adherend thickness and the stress ratio. For a given 
maximum stress, a lower stress ratio and a thicker specimen 
produced faster debonding. The different forms of strain 
energy release rate correlated the different material 
systems, But empirical correlating expressions applicable to 
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one bonded system were not appropriate for another bonded 
system. Therefore, a definite correlation between strain 
energy release rate and debond growth rate could not be 
determined. 

In 1978, Brussat and Chiu^ 0 ^ analyzed metal- to-metaT 
joints under constant amplitude cyclic loading. The authors 
investigated the crack propagation in the_adheaive layer 
under cyclic loading in laboratory ambient conditions. For 
this purpose, they tested cracked lap shear and width tapered 
beam specimens of 7075 -T6 aluminum adherends bonded to AF-55S 
adhesive with initial bondline flaws at stress ratio of 0.1 
and a cyclic frequency of 3 Hz. A comparison of pure mode I and 
mixed-mode data indicated that the Gj has a significant effect 
on crack growth rates. Analytical crack growth estimates were 
obtained from these tests using a linear elastic fractrue 
mechanics (LEFM) approach for real structural joints. This 
approach led to a reasonably good crack growth predictions of 
several tested joints. 

The investigation of' fatigue failure of the 
environmentally- conditioned (i.e. different temperature and 
humidity conditions) metal- to-metral joint was conducted by 
Romanko et al.^ 11 ^ They studied the two joint models (i.e. 
cracked lap shear and thick adherend specimens) to 
characterize the time dependent fracture in adhesive bonded 
joints. Although this study (11) lacked in any definite 
-conclusion about cyclic debonding, however several test data 
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with FM-73 adhesive were generated in this program. This 
program was later on continued at Chemical Systems Division of. 
United Technologies . 

Recently, cyclic debonding of metal- to-metal Joint under 

(13 ) 

mixed-mode loading, was conducted by Everett and Johnson..' — 

They employed an experimental investigation- to assess -the 
repeatability of debond growth rates. This was done by using 
two sets of cracked lap shear specimens consisting of aluminum 
7075-T6 adherends bonded with FM-73 adhesive. These specimens 
were same as those used in previous studies by Romanko et 
al. and Fr-ancis et al. The test results indicated that 
debond growth rates from both specimens were within the 
scatter band which is similar to that observed in fatigue 
crack growth in metals . Cyclic debonding occured at strain 
energy release rates that were more than an order of magnitude 
less than the critical strain energy release rate in static 
test — 

Jablonski ' ^ ^ performed the- fatigue test— on_metal- to- 
me tel joints consisting of aluminum alloy_ 2024-T35 as the 
adherend-nnd two high temperature structural adhesives, AF- 
163 and EA-964&. He employed the tapered double cantilever 
beam speoimen to investigate the cyclic debonding. The crack 
closure load developed as a result of fatigue crack 
propagation. The test results showed that there was a higher 
correlation between fatigue crack growth rate and effective 
strain energy release rate than between fatigue crack growth 
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rate and strain energy release range. Alee, the fatigue 
failure always followed a cohesive fracture path. 

The first analytical and experimental study of fatigue 
failure of composite-to-composite Joint was conducted by 
Renton and Vinson.' 15 ) They examined the influence. of certain 
geometric variations of the lap Joint configuration, such as 
overlap length and the orientation of . the laminae of the 
laminated adherends, on the fatigue life of the Joint. Their 
test results indicated that* the proportional .limit has a 
significant influence on the fatigue life of a bonded joint, 
that up to a 40-percent load penalty occured for an angle ply 
construction versus an all 0° layup and that the absolute 
magnitude of load withstood by the Joint for a given number of 
cycles increased with overlap length. 

Using composite- to -metal Joints, Everett' 16 ) employed a 
combined experimental and analytical- study to determine the 
role of peel stresses on-Cyclic debonding. Experimentally, he 
created the compressive normal stress by applying a clamping 
force to oppose the peel stress in the bondline. The effect of 
different values of clamping force on the cyclic debond was . 
rested to determine the- clamping force that was Just 
sufficient to stop or to decrease the debond growth rate. He 
conducted the finite element analysis to assess the effect of 
the clamping force on the strain energy release rates due to 
shear and peel stresses. 
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In 1982, Battaguru et al. I 17 ) performed a finite element 
analysis_of cohesive failure on craeked lap shear specimen. A 
two dimensional finite -element ana-lysis was used. The 
analysis accounted for the geometric non- linearity associated 
with large-rotations in unsymme trie Joints. Results .showed 
that— non-linear effects due to large rotations, significantly 
affect the calculated mode land II strain energy release 
rates. The ratio of mode I to mode II strain energy release 
rates_was also- found to be strongly affected by the adhesive 
modulus and the adhe rend thickness. 

In a recent study*, cyclic debending of composite-to- 
coraposite joints was investigated by Mall, Johnson, and 
Everett.^ ^ This study focused on the correlation of the 
measured cyclic debonding rates with strain energy release 
rates using finite element method. Also, the influence of mode 
I and II was investigated on debond rate. Two bonded systems 
were studied, i.e. graphite/epoxy adherends bonded with EC- 
3445 and FM-300 adhesives. For each bonded system, two types 
of specimen were tested: 1) lap adhe rend of 8 plies .bonded to a 
strap adherend of 16 plies, and 2) lap adherend of-L6 plies 
bonded to a strap adherend of 8 plies. The results showed that 
G I^II for a11 specimens were all within, the narrow range of 
0.25 to 0.38. Therefore, Gj, Gjj, and G^> correlated resenablly 
good with debohd growth rate. But the total strain ehergy 
release rate, G T » showed a better correlation than either G T 
or Ojj. Also, the debohd always grew in the region of the 


adhesive that-had the highest- mode I loading. This indicated 

that Gj had a stonger influence than G^j on-dehand location. 
This study was later .carried on to -investigate the- cyclic 
debondin e un der. opening mode I load with composite double 
cantilever beam (DCB) specimen. ^ The results of this study , 
further v suggested that the G T is- the driving parameter for 
c ycli c debonding in composite bonded joints.. Johnson and 
Mall have also shown that total strain energy release rate 
was the parameter which governed the initiation ~of cyclic 
debanding, and hence they have suggested a design, procedure 
for composite bonded joints based on fracture mechanics 
principle . 


Ill . EXPERIMENTS 


A. SPECIMEN PREPARATION AND CONFIGURATION: 

The cracked. lap shear (CLS) specimen , shown in Figure I,. 
was_empl-oyed for this study because, it represents a joint 
subjected to in-plane mixed-mode loading, and large area bonds 

typical of many structural applications. The different 

thicknesses of strap and lap adherends are intended to. provide 
a different -mixture of mode I and mode II strain energy, 
release rates. In_the present study, the cracked lap shear 
specimen had the strap and lap adherends of 16 or 32 plies. 
This arrangement provided two types of specimen?! 1) thin.lap 
adherend of 16 plies bonded to a thick strap adherend of 32 
plies (16/32); and 2) thick lap.adhe.rend of 32 plies bonded to 
a thin strap adherend of 16 plies (32/16). The length of strap 
and lap adheredS- were 381 and 254 mm, respectively. However, a 
total of 127 mm was needed for grip support on both ends. These 
Specimens had no initial crack. 

TheJbonded system consists of graphite /epoxy (T300/5208) 
adherends bonded with EC- 3445 adhesive. The EC-3445 adhesive 
is a thermosetting paste adhesive with a eure temperature of 
l2l°C. Specimen fabrication was performed by the conventional 
secondary bonding procedure. The bonding process followed the 
manufacturers' recomended procedure and was done at NASA 
Langley Research Center. The nominal adhesive thickness was 
0.10 mm. The Young's modulus of BC-3445 was ealculated from 
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the shear modulus ef AF-S5 adhesive film* because the_ EC-344 5 _ 
adhesive is the paste version of the AF-55.^^ The EC- 3445 
adhesive was. assumed an isotropic material. The material 
properties of EC- 3445 adhesive are presented in Table I 

The cracked lap shear specimen consisted of lap and strap 
adherends with-quasi -isotropic layups of (O a /45°/-45 a /90°)2 S 
and (0 o /45 a /-45°790 o )^ s . The adherends were honded to the 
adhesive with 0° ply at interface with adhesive. Material 
properties of graphite/ epoxy are given in Table II. 

B. TESTING SYSTEM 

All fatigue test results presented and discussed in this 
paper were obtained through the use of a MTS closed loop 
servo-hydraulic testing system. The illustration in Figure 2 
shows the load frame (right) and controller console (left). 
Although net fully exploited in this study, the system permits 
great versatility through the. inherent advantage of being 
able to conduct: complex testing sequences. 

The load frame is capable of axial loading to ±20,000 lb 
(±88.9 KN). Load is measured by an axial load cell. Model no. 
1020 JL.^All testing durirtB this program was conducted under 
load controlled condition, wherein the load desired was input 
via the controller. This machine can be operated by a function 
generator capable of producing waveforms such as sinusoidal, 
triangular, and square signals. 


TABLE I 

ADHESIVE MATERIAL PROPERTIES 


Modulus 

E G 

(GPa) 

Poisson's Ratio 

V 

EC- 3445 (3M Company)^ 1.81 

0 

0.4 

TABLE 
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GRAPHlTE/EPOXY a ADHEREND MATERIAL PROPERTIES 

Modulus b 

Poisson's Ratio b 

E 2 °12 — 

Vl2 

v 2 , 

(GPa) 




131.0 13.0 6.4 


W06/52O8. (HASMSO), fiber volume fraction is 0.63. 


The subscript 1,2, and 3 correspond 
transverse, and thickness direction 
unidirectional ply. 


to the longitudinal, 
, respectively, of a 
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C. TESTINfr PROCEDURE 

The objective of the test program was to measure the 
debond growth rate under fatigue loading. For this purpose, 
the uniaxial fatigue tests were run using a frequency of 10 Hz 
sine wave. All fatigue test' specimens were tested .under 

constant amplitude cyclic_ loads . The R^ratioa (ratio of- 

minimum to maximum stress) used in the experiments were 0.01, 
0.10, 0.50, and 0 . 75 _ Debond lengths. and f atigue cycles were 
monitored throughout each teat. Tests were conducted. at two or 
more constant amplitude stress levels to get several values of 
debond growth rates (da/dN) from each specimen. 


D. TEST RESULTS : 

1. Debond Measurement : The debond was measured as it 
grew over about 20 to 30 mm of length at each stress level 
during all test. The fatigue cycles were also recorded at each 
debond measurement. The measured data (debond length versus 
fatigue cycles) were fitted with a straight line or a 
polynomial curve using the regression .analysis to get the 
debond growth rates, da/dN. Figures 3 and 4 show the typical 
relationships between the measured debond length and fatigue 
eycles. It can be seen in Figure 3 that fitting a straight line 
through the data paints appears to be a reasonable average of 
the measured data. Qn the other hand. Figure 4 indicates a 
nonlinear relationship between debond length and the fatigue 
cycles . Therefore , the quadratic or higher order polynomial as 



Linear Variation of Debond Growth with Fatigue Cycle 
. Thin Strap (32/16) Specimen at 131 MPa Stress 
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shown tn the figure A ie . reasonebl. representation of the 
measured data. Figure 5 shows the measured debond length as a 
function of fatigue cycles for different stress levels for a 
thin strap (32/16) specimen, rhedetailed explanation of 
these test results will, be discussed in a later chapter 
entitled "Finite Element Analysis" 

2. De bond-Surfaces * Possible fatigue failure modes in a 

bonded Joint ere cyclic debonding, delamination, adherend 

fatigue, or a combination of these. In this study, the primary 

failure of all specimens occured by cyclic debonding of the 

adhesive. On close examination of the debond surfaces, it was 

found that more adhesive remained on the lap than on the strap 

adherend. Also, there was some 0° fiber pull-off from the 

strap adherend. Figure 6 show, typical debond surfaces with 

such failures. These observed characteristics of debond 

surface in the present study are very similar to as found in 

fhe previous study. A .detailed explanation of this debond 

behavior will be discussed in the chapter entitled "Finite 
Element Analysis". 
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IV. FINITE ELEMENT ANALYSIS 

Previous studies of debonding propagation in adhesively 
bonded j_Qints have shown that the fracture mechanics concept 
of the stTain energy release rate is. a useful tool for ...... 

understanding their mechanics. ^ 3 A two dimensional finite 

element stress analysis program called CAMNAS^ 3 ^ was used to 
calculate the strain, energy release rates for all cracked lap 
shear specimens. This program accounts — for the geometric 
nonlinearity associated with the large rotations that often 
occur in. the cracked lap shea r specimen ... 

The tested cracked lap. shear joint was analyzed by a 
finite element model which. typically contained approximately 
1600 isoparametric four-node elements and 3000 degrees of 
freedom. A finite element model along with the accompanying 

boundary conditions are shown in Figure 7. In the finite 

element model each ply of composite was mode ledas-a Separate 
layer except for the 0°“ply at the adhesive interface which 
was modeled in two o it more layers. Plane strain conditions 
were assumed in the analysis. The strain energy release rates 
were calculated using a virtual crack closure technique. 

In the analysis of cracked lap shear specimens , the 
calculation of strain energy release rates depends on four 
parameters: 1) boundary condition, 2) debond location, 3)load 
level, and 4) debond length. These are dlscussed-seperately in 
the following. 


DEBOND LENGTH 



Figure 7. Finite Element Model 
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A.. BOUNDARY CONDITION 

The boundary condition applied to the cracked lap shear 
specimen in the .pre sent FEM analysis is shown in Figure 7 . A 
multipoint constraint was imposed to prevent rotation of the 
loaded end _af the -model and to apply the. equal axial 
displacements- to. simulate the grip- condit ions — of — t69t — 
machine. To -verify the validity of the boundary condition 
employed in the FEM analysis, the lateral deflection was 
measured With the extensometer for a thick strap specimen with 
crack length of 50.8 mm. The measured deflection was compared 
with the calculated deflection from FEM analysis (with 
boundary conditions as shown in Figure 7 ) in Figure 8 which 
are ingood agreement with each other. 

Further, experimental investigation showed that a slight 
displacement (i.e. 0.00355 mm) oecured in the y-direction at 
left edge of the CLS specimen. This was due to the lateral 
deflection of-the grip at t ached- to-fehe hydraulic actuator. The 
other grip attached to the load cell had no such displacement. 
In order- to determine the effect of this displacement on the 
analytical calculation of strain energy release rates, the 
measured lateral displacement was applied in the FEM 
analysis. The FEM results are compared with and Without this 
lateral deflection in Table III. Id fact, this displacement of 
Specimen did have the negligible effect on the calculations of 
Strain energy release rates. Therefore, the boundary 
condition, as shown in Figure 7, was appropriate and hence 
used in all calculations . 
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Table hi 

EFFECT OF- LATERAL DEFLECTION ON G CALCULATION 
OF THICK STRAP (16/32) SPECIMEN-. WITH CRACK 
LENGTH OF 50.8 mm AT 82 MPa STRESS 




(J/m 2 ) 
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B. DEBOND LOCATION 

As mentioned previously in chapter III, the debond grew 
adjacent to the strap adherend interface in all tests. Xt was 
very.dif ficultr to physically measure the exact location of the 
debond. However, the debond generally grew wit hiru.one-f ourth- 
of the totaX adhesive thickness away from the strap interface. 
The influence_of dehand location on strain energy release 
rates was studied using GAMNAS^^) in the thick strap (16/32) 
cracked lap shear specimen. For this purpose, the adhesive 
thickness was modeled with 4, 8, and 12 layers of elements, as 
shown in Figure 7. The variation of calculated strain energy 
release -rates G^,, Gj, and G^j with the location of debond 
within the thickness of the EG- 3445 adhesive is shown, in 
Figure 9. This figure clearly indicates: l)total strain 
energy release rate, G^,, remains constant for all locations of 
the debond; 2) mode I strain energy release rate, G Jt reaches 
its maximum value near the adhesive strap interface; and 3) 
mode XI strain energy release rate, G^, reaches its maximum 
value near the adhesive lap interface. The. . debond ...always 
initiated and grew in the region of highest Gj. This is 
consistent With theoretical results and experimental 
observations that Gj has greater influence on the debond 
location in the adhesive joint. In addition, Figure 9 shows 
that 4 layer model is adequate to accurately evaluate G T , 
While a refined model is required to evaluate Gj and G^j. 
Thus, the 12 -layer model. was used in the FEW of the present 
study . 
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In order- to analyze the experimental debond growth 
rates » the debond Ideation was selected . by engineering 
judgement to be at one- sixth of the adhesive thickness away 
from the adhesive strap interface- This was also consistent 
withthe previous study by Mall et al. ^ 6 ) 

C. LOAD LEVEL 

Figure 10 shows the variation of -strain energy release 
rates Gj. and with the applied strap stress for thick strap 
(16/32) cracked, lap shear specimen with crack length of 50.8 
mm obtained from the geometric nonlinear finite elment 
analysis. Also* these are presented in Table IV which shows 
that the G^ and Gj^, from non-linear analysis are functions of 
the square of applied stress within five percent upto the 
maximum stress employed in the present study. 

D- DEBOND LENGTH 

Both thick strap (16/32) and thin strap (.32/16) 

specimens -were. .analyzed to determine the variation of strain 
energy release rates* Gj» °n» a nd with debond length. 
Figure 11 shows the typical variation of G^ and Gj to G n ratio 
with debond length for two cracked lap shear specimens used in 
the present study. As mentioned previous ly* Figure 3 and 4 
Showed a linear artd non-linear relationship between the 
measured debond length and fatigue cycles respectively. It 
can be seen by comparing Figures 3 and 11 that a linear 
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TABLE -IV 


VAR ?nIf?2« 0F STRAIN ENERoiT RELEASE RATE WITH 
APPLIED STRESS FOR THICK STRAP (16/32^ 
SPECIMEN WITH CRACK LENGTH OF. 50^8 ^mm 



Applied. . 
Stress 

(KPa) 


Non-linear 



(J/m 2 ) 


Linear 

(J/m 2 ) 



41042 

82083 

123125 

164167 

205208 


5.820 

21.17V 

52.778 

95.706 

153.027 


15.656 

60.919 

135.084 

238.140 

370.457 


6.294 

25.175 

56.644 

100.701 

157.344 


ld.466 

65.861 

148.189 

263.448 

411.634 









relationship between the measured debond length versus 
fatigue cycles was observed where the strain energy release 
rates were constant with -the crack length. Similarly, 

comparison- of Figures A and II shows that a non-linear 

relationship berween the measured debond length versus 
fatigue cycles was found where the strain energy release rates 
were not constant with the crack length. 



V . RESULTS- AND DISCUSSION 


As mentioned in the introduction, the objective of the 
present study was; I) to understand the interaction of mixed- 
mode loading and 2) the effect of stress ratio on cyclic 
debonding in adhesively bonded eomposite joints. The results 

of the present study will be discussed in these contexts in 
the following. 

A-. THE INTERACTION OF MIXED-MODE LOADING ON CYCLIC 
DEBONDINC 

Debond growth rates were calculated from the measured 
debond length and fatigue cycles as discussed in the chapter 
entitled "Experiment". The corresponding strain energy 
release rates Oj, Gjj.and G^, were calculated using finite 
element analysis of cracked lap shear specimen as discussed in 
the chapter entitled "Finite Element Analysis". The measured 
debond growth rates are expressed as the function of the 
corresponding strain energy release rates Gj* Gjj, and G T as 
shown in Figures 12, 13, and 14, respectively. The 
corresponding relations obtained from the CLS specimens in 
the previos study( 6 ) are also shown in Figures 12, 13, and 14 
as solid line instead of data points for the sake of clarity. 
The two geometries of cracked lap shear specimens, in the 
present study, consisted of 16 plies lap bonded to 32 plies 
strap and 32 plies lap bonded to 16 plies strap, and in the 
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previous study specimens consisted of 8 plies lap. bond sd 
to 16 plies strap and 16 plies lap bonded to 8 plies strap. The 
G I’ G H* and G t versus da/dN relations from present and 
previous studies are i-n good agreement with each other. 

Figures 12, _13 x _and 14 indicate that the data, from 
different specimen geometries, are within, an acceptable 
scatter band .as. similarly observed in fatigue crack 
p rop agation in metals. This means that specimen geometry did 
not influence the relationship between the debond growth rate 
and total strain energy release rate, G T . Furthermore, the 
cyclic debond growth rates for a given bonded system are 
reproducible from one specimen to another within a scatter 
band comparable to that for fatigue crack growth in metals . 

To determine the interaction of each component of mixed- 
mode loading on cyclic debonding, the measured debond growth 
rates obtained from two geometries of CLS specimens were 
correlated with strain energy rates (i.e. G^., G^, and fry). 
This correlation is shown in Figures 15, 16, and 17 where a 
power law relationship of the form 


da/dN s c(G) n 

wis fitted to the data using a linear regression analysis. 
This relation is shown as a solid line in Figures 15, 16, and 
17. The values of c and n, as Well as the correlation 
coefficient are also shown in these figures. Since the 



















correlation coefficient closer to 1 is the indication of 

better correlation, the correlated the debond growth rate 
better than either Gj or G^. This shows that the total strain 
energy release_rafe is the_driving parameter for the cyclic 
debonding under jRixed-mode loading. This was also found in the 
previous study by Mall etr alJ 6 >, where the tested specimens 
provided a narrow range o f %/Gjj (i. e. r anging from 0.25 to 
0.31) while in the present study, a wide range. .of G^/Q^ 
ranging from 0.03- tro 0.38 was obtained. The G^G^ in the 
present study is very close to that experienced by the actual 
bonded joints in practical applications. Furthermore, Mall et 
al . also studied the cyclic debonding of double cantilever 
beam (DCB) specimens under opening mode I loading. This showed 
that the relation Gj versus da/dN from the DCB specimen under 
opening mode I lead did not agree with the relation G 1 versus 
da/dN from the- CLS specimen. However, the relation versus 
da/dN fronuDCB specimens agreed with the relation G T versus 
da/dN from the CLS specimen. Thus, this confirmed that the 
eyclie debond failure is a function of total strain energy 
release rate. 

The present study along with the previous studies^ 6 ’ , 
thus, provided the debond growth rate measurements under 
various load conditions: mode I loading, mixed-mode I and II 
loading and almost mode II loading. The results of these 
studies led to the following conclusion; the total strain 
energy release rate is the governing factor for cyclic 
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debonding of' adhesive Ly bonded composite joints under in- 
plane mixed-mode loading. 

B. THE EFFECT OF STRESS RATIO ON- CYCLIC DEBONDING 

To determine the influence of stress ratio, the measured 
debond growth rates were c -related with total strain energy 
release rate, C T , and totaj. strain energy release rate range, 
AG - 6 max - as shown in- Figures 18 and 19, 

respectively. It can be seen in_ Figure 18 that the. 
relationship between Qj and'da/dN is different for each stress 
ratio. On the other hand, Figure 19 shows that the relation 
between AG.^. and da/dN is the same with different stress 
ratios. This shows that is the driving parameter for 

eyclic debonding of adhesively bonded joints when subjected 
to eylic loads with different ratio (i.e. ratio of minimum to 
maximum load of the fatigue cycle). Hence, the power law 
relation as. given by 

da/dN = c(AG T ) n 

takes into the account of the stress ratio effect in 
characterizing the mechanics of eyclic debonding. 
Furthermore, Figure 19 shows that data from different stress 
ratios are within an acceptable scatter band. 
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vr. CONCLUSIONS 


a combined experimental-analytical investigation of 

composite-to-composite bonded Joint was undertaken to assess: 
L) the influence of each components of strain energy release 
rates (i,e» G^» ®t^ on cyclic dehonding under mixed^- 
mode loading; 2) the effect~of stress ratio on debond growth 

rates * Several cracked - lap shear specimens consisting of 

graphite/ epoxy adherends bonded with EC- 3445 adhesive were 
studied under mixed-mode cyclic loading. The following 
conclusions were obtained: 

1* Cracked lap shear specimens provided consistent 
debend growth data. The cyclic debond growth rates were 
reproducible from one specimen to another within a 
seafeter band comparable to that for fatigue crack growth 
in metals . 

2*- The governing factor for- cyclic debond failure of 
adhesively bonded composite Joints was found to be the 
total strain energy release rate, G^. 

3. The debond always grew in the region of the adhesive 
strap interface where the highest mode I loading 
oceured.This indicates that G x has greater influence on 
debond location. 

4. The failure of cracked lap shear specimens secured by 
cyclic debonding of adhesive, aecompannied by some 0° 
fiber pull-off from the strap adhered. 
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